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Abstract
The high mortality and morbidity resulting from an increasing incidence of antibiotic resistance among pathogens highlight a 
crucial need for the development of novel alternative therapy. In the quest for alternative therapy, this study was conducted to 
synthesise nanoparticles (NPs) from ferric chloride hexahydrate  (FeCl3.6H2O) via Melia azedarach L. (Meliaceae) leaf extract 
and evaluate their antibacterial properties against multidrug resistant pathogenic Escherichia coli, Salmonella enterica, and 
Vibrio cholerae. Multidrug-resistant pathogenic bacteria were isolated from cattle faeces and characterised by whole genome 
sequence analysis. The extracts from M. azedarach leaves were used as reducing, capping, and stabilising agents on the 
precursor metal  (FeCl3.6H2O) to produce NPs. The biosynthesised NPs were characterised by ultraviolent visible (UV–vis) 
spectroscopy, X-ray diffraction (XRD), Fourier transform infrared spectrophotometry (FTIR), scanning electron microscopy 
(SEM), and transmission electron microscopy (TEM). The NPs were tested against multidrug-resistant bacteria to determine 
the minimum inhibitory concentration (MIC), minimum bactericidal concentration (MBC), and rate of kill. In this study, 
WGS analysis confirmed the bacteria (E. coli, V. cholerae, and S. enterica) isolates to be multidrug-resistant pathogen and 
NP that has a spherical shape with an average particle size of 49.75 nm was successfully biosynthesised. The NPs displayed 
significant antimicrobial activities with MIC of 62, 31, and 62 mg/mL, MBC of 500, 250, and 500 µg/mL, and the lowest 
killing times of 4, 2, and 3 h against E. coli, V. cholerae, and S. enterica, respectively. Interestingly, the concentrations of 
the NPs required to inhibit the growth of E. coli, V. cholerae, and S. enterica were not toxic to HEK293 cells. Based on the 
promising antimicrobial activities of the biosynthesised NPs in this study, they could be useful in important therapeutic 
applications aimed at combating multidrug-resistant pathogens.
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SSA  Salmonella shigella agar
SEM  Scanning electron microscopy
TCBS  Thiosulfate citrate bile sucrose
TTC   Triphenyl tetrazolium chloride
TEM  Transmission electron microscopy
UV–vis  Ultraviolent visible
WGS  Whole genome sequencing
XRD  X-ray diffraction

1 Introduction

Diarrhoea is among the most frequent causes of illness and 
fatality, even in a country with an advanced healthcare facil-
ity [1]. The impact of diarrhoea is aggravated by the ever-
increasing incidence of antimicrobial resistance (AMR) 
among the causative agents. This is now categorized as a 
public health challenge [2]. The AMR among diarrhoea-
genic pathogens also contributes to treatment failure, huge 
economic losses, and extended infection duration, even in a 
country with advanced public health policies and facilities 
[3, 4]. Also, administration of antibiotics is contraindicated 
for diarrhoea caused by some strains of bacteria, such as 
E. coli serotype O157 [5–7]. In addition, there is evidence 
that antibiotics might aggravate the risk of developing more 
life-threatening complications including hemorrhagic colitis, 
haemolytic uremic syndrome, and thrombotic thrombocy-
topenic purpura which account for a large number of cases 
of kidney failure [6, 8, 9]. According to the estimate of the 
global burden of disease in 2019, diarrhoea was the 3rd and 
5th leading causes of morbidity in children below five years 
of age and all ages, respectively [3, 10].

The increasing incidence of AMR and contraindications 
associated with the administration of antibiotics limit the 
usage of antibiotics, most especially in diarrhoeal cases. This 
emphasizes the crucial need for the expansion of innova-
tive strategies aimed at combating infections, controlling the 
development of antibiotic resistance, and spread.

Nanoparticles are particles that have a size ranging from 
1 to 100 nm and possess a wide surface area to volume 
ratio. The smaller size and wider surface area to volume 
ratio enhance their physicochemical properties, making 
them suitable antimicrobial agents [11]. They are made 
of organic material, metal oxide, carbon, or metal [12]. 
Findings from several studies have reported the high effi-
cacy of various metal NPs against a variety of multidrug-
resistant pathogenic bacteria [13]. However, the develop-
ment of various side effects, including argyrosis, argyria, 
liver damage, kidney obstruction, and eye irritation, in 
patients limits the usage of metal NPs for oral treatment 
of drug-resistant bacteria in human medicine [14]. This 
necessitates the need to choose the most promising metal 
candidate in terms of cost, environmental, and health 

biocompatibility when synthesising NPs from metal for 
medicinal use. Due to their biocompatibility, antibacterial 
efficacy, non-toxic and life sustainability, NPs produced 
from health-essential metals such as iron have been proven 
to be promising candidates for oral therapy in the field of 
medicine. NPs derived from iron metal are safe for oral 
therapy since they are part of the essential metals required 
by the body for life sustainability [15].

Three different techniques, namely chemical, physi-
cal, or biological methods, can be utilised in the synthesis 
of metal NPs [16]. However, the utilisation of expensive 
equipment, high energy consumption, low material conver-
sion, and the generation of toxic waste from the chemical 
reducing agents employed in the physical and chemical 
processes limit their usage [17]. As a result of these limi-
tations, most studies typically concentrate on biological 
synthetic techniques [11, 18, 19]. Biological synthetic 
methods are less expensive, easier to carry out, safer, more 
ecologically friendly, biocompatible, and have a wider 
range of applications compared to traditional physical and 
chemical approaches [11, 20]. In the biological method of 
synthesis, plant-mediated synthesis is the most preferred 
method as a result of its numerous advantages [20]. This is 
because plants are cheap, readily available in abundance, 
not harmful in most cases, eco-friendly, bio-compatible, 
and non-pathogenic, among others [11, 20].

Melia azedarach L. is among the plants that have been 
confirmed to contain phytochemicals (alkanoids, flavonoids, 
phenols, and tannins) that can reduce metal salts to NPs [21]. 
Due to their small size and wide surface area to volume 
ratio, NPs can simultaneously attack target cell constituents 
such as proteins, DNA, enzymes, and the cell membrane, 
leading to cell damage or death [2]. The potential of NPs 
to concurrently target multiple biomolecules can make it 
very difficult for pathogenic organisms to develop resistance 
against these antibacterial agents.

This study was designed to produce NPs from  FeCl3.6H2O 
mediated via M. azedarach leaf extract and assess their anti-
microbial activities against multidrug-resistant E. coli, S. 
enterica, and V. cholerae.

2  Materials and Methods

The aseptic technique was fully implemented in this study. 
Ferric chloride hexahydrate  (FeCl3.6H2O) purchased from 
Labchem (South Africa) was used as the metal salt precur-
sor in the synthesis of NPs. Culture media (nutrient broth, 
nutrient agar, and Mueller–Hinton agar) were purchased 
from Neogen Laboratory (Heywood, UK). Analytical grade 
water from a Millipore Milli-Q gradient filtration system 
(Millipore, USA) was utilised throughout the experiments.
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2.1  Ethics Approval

The ethics clearance for the study was collected from the 
North-West University (NWU) AnimCare Committee, and 
an ethics number of NWU-00771–23-A5 was assigned to 
this study.

2.2  Isolation of Bacteria from Cattle Faeces

Faecal samples were collected directly from the rectum of 
cattle and cultured on Eosin methylene blue (EMB) agar, 
Salmonella shigella agar (SSA), and Thiosulfate citrate bile 
sucrose (TCBS) agar, respectively. The plates were inverted 
and incubated aerobically at 37 ℃ for 24 h. The colonies 
with a green metallic sheen were selected on EMB agar for 
presumptive E. coli. Transparent or colourless colonies with 
or without a black centre were selected on SSA for presump-
tive Salmonella species. Yellowish colonies were selected 
on TCBS agar for presumptive Vibrio species.

All the presumptive isolates were tested against eight 
(8) panels of antibiotics belonging to different categories 
of antimicrobial agents accomplished by the disk diffusion 
method in accordance with clinical and laboratory standards 
institute guidelines [22]. The tested antibiotics were azithro-
mycin, imipenem, levofloxacin, penicillin, streptomycin, sul-
famethoxazole, tetracycline, and vancomycin.

Genomic deoxyribonucleic acid (DNA) was extracted 
from overnight cultures of the three selected multidrug-
resistant presumptive bacterial isolates (one E. coli, one 
Salmonella species, and one Vibrio species) using a Zymo 
research genomic  DNATM tissue miniprep kit (Zymo 
Research Corp, Irvine, CA, USA) following the manufac-
turer’s instructions. The extracted DNA samples were sub-
jected to WGS, and the raw read sequence was uploaded 
to the Kbase online platform version 2.1 (https:// kbase. us/) 
for assembly and annotation. The annotated sequences were 
submitted to the GenBank for accession numbers.

The taxonomy of the isolates was generated by upload-
ing sequences to the genomic taxonomy database (https:// 
narra tive. kbase. us/# appca talog/ app/ kb_ gtdbtk/ run_ kb_ gtd-
btk_ class ify_ wf/ relea se) on Kbase. The group in which the 
isolates belong, based on pathogenicity, was determined by 
searching the specific isolate contigs against the Pathogen-
Finder version 1.1 database (https:// cge. food. dtu. dk/ servi 
ces/ Serot ypeFi nder/) on the genomic epidemiology online 
platform (https:// www. genom icepi demio logy. org/ servi ces/). 
The detection of the virulence genes harboured by the iso-
lates was assessed by searching their contigs against the 
VirulenceFinder version 2.0 database (https:// cge. food. dtu. 
dk/ servi ces/ Virul enceF inder/). The AMR gene harboured by 
the isolates was predicted by uploading the contigs to the 
online resistance gene identifier (RGI) platform (https:// card. 
mcmas ter. ca/ analy ze/ rgi).

2.3  Collection and Preparation of Plant Extract

Ten (10) kg  of M. azedarach healthy leaves was obtained 
from Unit 2 in Mafikeng, North-West Province, South 
Africa. A voucher specimen (ATO2) was deposited at the 
S.D. Phalatse Herbarium, Department of Botany, North-
West University, Mafikeng Campus, South Africa. The 
leaves were rinsed with sterile distilled water to remove 
dust particles, dried, and ground into a fine powder. About 
100 mL of sterile distilled water was added to 5 g of the 
powder sample and vortexed to form a solution. The solu-
tion was boiled for 24 h at 60 °C inside a shaking incubator. 
Thereafter, the solution was filtered through Whatman filter 
paper to obtain the extract. The phytochemical screening of 
the extract was done following the methods described by 
Shubham et al. [23].

2.4  Synthesis of Iron Oxide Nanoparticles

In the preparation of the NPs,  FeCl3.6H2O was utilised as 
an iron precursor metal salt and extract from M. azedarach 
leaves as reducing, capping, and stabilising agents. The NPs 
were prepared by adding a 0.1 M  FeCl3 solution to extracts 
of M. azedarach leaves in a volume ratio of 1:1. The mixture 
was stirred for 60 min and then allowed to stand at room 
temperature for another 30 min. The colloidal suspension 
obtained was centrifuged, washed several times with etha-
nol, and then dried at 40 °C under vacuum to obtain pure 
NP (Fig. 1).

2.5  Characterisation of Synthesised Nanoparticles

The synthesised NPs were characterised by X-ray diffraction 
spectrophotometer (D8 Advance with DAVINCI design), 
scanning electron microscopy (Zeiss Ultra Plus 55 HRSEM, 
Germany), transmission electron microscopy (JEOLJEM 
2100 electron microscope, JOEL ltd, TYO, Japan), UV–vis 
spectrophotometer (Agilent Technology, Cary series), and 
Fourier transformed infrared spectrometer (Agilent Technol-
ogy, Carry 600 series FTIR spectrometer).

2.6  Preparation of Nanoparticle Suspensions

The NP suspension was prepared by adding 1000 μg of NPs 
to 1 ML of dimethyl sulfoxide (DMSO). The mixture was 
allowed to sonicate for 30 min to form a solution. The solu-
tions were filter sterilized using 22 nm microfuge filters.

2.7  Preparation of Bacterial Inoculum

Prior to the antimicrobial test, E. coli, V. cholerae, and S. 
enterica were revived in nutrient broth and incubated aero-
bically at 37 ℃ for 24 h. The absorbance of the bacterial 

https://kbase.us/
https://narrative.kbase.us/#appcatalog/app/kb_gtdbtk/run_kb_gtdbtk_classify_wf/release
https://narrative.kbase.us/#appcatalog/app/kb_gtdbtk/run_kb_gtdbtk_classify_wf/release
https://narrative.kbase.us/#appcatalog/app/kb_gtdbtk/run_kb_gtdbtk_classify_wf/release
https://cge.food.dtu.dk/services/SerotypeFinder/
https://cge.food.dtu.dk/services/SerotypeFinder/
https://www.genomicepidemiology.org/services/
https://cge.food.dtu.dk/services/VirulenceFinder/
https://cge.food.dtu.dk/services/VirulenceFinder/
https://card.mcmaster.ca/analyze/rgi
https://card.mcmaster.ca/analyze/rgi
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cultures was standardized using a spectrophotometer (Model 
MB-580, Shenhen Huisong Technology Development Co., 
Ltd., Shenzhen, China) at 600 nm to attain a viable cell 
count of 1.5 ×  107 CFU/mL (optical density of 0.5).

2.8  Antibacterial Activities of the Nanoparticles

The sensitivity of diarrhoeagenic bacteria to synthesised NP 
was determined using a 2,3,5 triphenyl tetrazolium chloride 
(TTC) assay. The TTC test serves as an indicator system 
for the determination of the viability of the bacterial cell. 
The test relies on hydrogen ions released by dehydroge-
nase enzymes, which subsequently reduce the colourless 
tetrazolium salt to a red compound called formazan. The 
viable bacteria will change the colour of the TTC solution 
to red, while the dead cells will remain colourless. Firstly, 
all microtiter plate wells marked for the experiments were 
filled with 100 μL of NP solution. Subsequently, 100 μL of 
18-h-old diarrhoeagenic bacterial isolates of 0.5 McFarland 
standardized was aseptically added to each well, mixed, and 
incubated at 37 ℃ for 24 h. The DMSO was utilised as a 
solvent control. After 24 h of incubation, 20 μL of the 1% 
tetrazolium salt solution was added to each well and fur-
ther incubated for 1 h. The experiment was carried out in 
triplicate.

2.9  Minimum Inhibitory Concentration

The minimum inhibitory concentration (MIC) is the low-
est concentration of antimicrobial agent needed to stop the 
growth of microorganisms. The MIC of the NPs was deter-
mined using 96-well microplate broth dilution method and 
TTC as an indicator reagent. Firstly, all the microtiter plate 
wells marked for the experiment were filled with 100 μL of 
DMSO. Exactly, 100 μL (1000 μg /mL) of NP solution was 
added to the first well and dilution was carried out to obtain 
different concentrations (500, 250, 125, 62, 31, 16, and 8 μg/

mL) of NP. Subsequently, exactly 100 μL of the standard-
ized bacteria isolate was aseptically added to each well and 
incubated at 37 °C for 24 h. The DMSO was added to the 
experiment as solvent (negative) control. After 24 h of incu-
bation, 20 μL of the 1% tetrazolium salt solution was added 
to each well and further incubated for 1 h. The plates were 
then observed for colour change, and the MIC of NPs was 
taken as the lowest concentration of the NPs with no change 
in colour. The experiment was carried out in triplicate.

2.10  The Minimum Bactericidal Concentration 
(MBC)

The minimum bactericidal concentration (MBC) is the low-
est concentration of the antimicrobial agent needed to kill 
microorganisms tested. The MBCs of the plant-derived nan-
oparticles against tested E. coli, V. cholerae, and S. enterica 
were determined from the MIC experiment. Immediately 
the MIC was determined, the wells that contained MIC and 
above concentration suspension were marked. Exactly 100 
μL of the suspension from each marked well was withdrawn 
and mixed with molten nutrient agar at 45 ℃ and poured 
into the Petri plates. The plates were then incubated at 37 
ºC for 24 h and colony formation was observed. The MBC 
was taken as the lowest concentration of the NPs with no 
colony formation.

2.11  Time‑Kill Assay

The antimicrobial efficacy test commonly termed time-kill 
assay is used to determine the bacterial activity of an antimi-
crobial agent over time. To determine the time of kill, firstly, 
all the microtiter plate wells marked for the experiments 
were aseptically filled with 100 μL of standardized bacte-
rial isolate. Thereafter, 100 μL of NP solution at MBC was 
introduced to the wells. The killing rate was determined for 

Fig. 1  Schematic representation 
of the synthesis of nanoparticles 
mediated by plant extracts
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24 h (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h) at 37 
℃. The DMSO was used as a solvent control.

To determine the viability of the tested bacteria after NP 
treatment, 100 μL of suspension was withdrawn in time 
intervals (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, and 24 h) 
mixed with molten nutrient agar at 45 ℃ inside petri dish. 
The plates were then incubated at 37 ºC for 24 h. The colo-
nies were counted and expressed as a colony-forming unit 
per millilitre (CFU/mL).

2.12  Toxicity Assay of Plant‑Derived Nanoparticles

Cytotoxicity is how toxic a substance is to the cells and the 
kidney is an effective organ that removes waste and toxic 
substances from the body. In this study, human embryonic 
kidney 293 (HEK293) cells were used for the cytotoxic-
ity test. Also, the trypan blue exclusion test described by 
Strober (2015) was used to detect the toxicity of the NPs to 
the cell (HEK293) after being treated with the NPs at dif-
ferent concentrations.

Prior to the NP cytotoxicity test, the HEK293 cell lines 
were grown in a high glucose medium called dulbeco’s mod-
ified eagle’s medium (DMEM) with a pH of 7.2. The DMEM 
was supplement with 10% foetal bovine serum, 100 μg/mL 
of streptomycin and 100 μg/mL penicillin. The cell lines 
were indirectly stained with Hoechst 33,258 to confirm that 
it is mycoplasma-free. The confirmed mycoplasma-free cell 
lines were used in this study within three months of thawing 
the frozen stock.

Firstly, cells line (HEK293) were seeded into a 96-well 
microtitre plate containing 100 μL DMEM and incubated 
for 24 h at 37 ºC in a 5%  CO2 humidified incubator. There-
after, NPs at different concentrations (8, 16, 31, 62.5, 125, 

250, and 500 μg/mL) were aseptically added and incubated 
further for 24 h. After, 20 μL of the incubated mixture was 
withdraw and added to 80 μL of trypan blue and observed 
under a binocular microscope. The DMSO was used as sol-
vent (negative) control. The percentage of cell viability was 
calculated using the formula: %cell viability = (Number of 
viable cells / numbers of control viable cell) X 100.

3  Result and Discussion

3.1  Profile of Bacteria Isolated

A total of 569 bacteria were isolated from the 269 analysed 
faecal samples. Out of 569 bacteria isolated, 300 presump-
tive E. coli, 50 presumptive Salmonella species, and 67 
presumptive Vibrio species were identified based on mor-
phological characteristics. A large proportion (73, 100, and 
60%) of the presumptive E. coli, Salmonella species, and 
V. cholerae, respectively, were multidrug resistant (Fig. 2).

Based on WGS analysis, the three isolates were con-
firmed as Escherichia coli, Vibrio cholerae, and Sal-
monella enterica with accession numbers CP121294, 
CP122254, and CP123007, respectively. The genomes 
of these three isolates harboured virulent genes such as 
those responsible for adherence, invasion, and toxin pro-
duction (Table 1). In addition, the genomes carried anti-
biotic resistant genes, which confer resistance to drugs 
such as macrolide (kpnF, kpnE, H-NS, CRP), fluoroqui-
nolone (emrB, emrR, acrAB-TolC, marA, soxR, rsmA, 
H-NS, CRP), aminoglycoside (acrD, kdpE, baeS, cpxA, 
baeR, kpnE, kpnF), carbapenem (marA, soxS), cepha-
losporin (EC-13, acrE, acrS, marA, kpnE, kpnF, soxS, 

Fig. 2  Antibiotics resistance 
profile of isolated presumptive 
bacteria. The error bars repre-
sent standard deviations
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Table 1  Virulence profile of the isolates

Escherichia coli Vibrio cholerae Salmonella enterica

Virulence genes possessed by the isolates base on whole genome sequence analysis
Virulence factor Related gene Virulence factor Related gene Virulence factor Related gene
Virulence factor class (adherence)
CFA/I fimbriae cfaA, cfaB, cfaC, cfaD Flagella L-ring 

protein
fleR, flgC Afimbrial adhesin 

AFA-I
afaB

Curli fibres cgsA, cgsB, cgsC, 
cgsD

Lateral flagella lafC, lafT, lfhA, nueA curlin major subunit 
CsgA

csgA, csgB, csgC, csgD

E. coli common pilus 
(ECP)

acpA, acpB, acpC, 
acpD

Flagellar motor 
switch protein

fliM Bcf bcfA, bcfB, bcfC, bcfD

E. coli laminin bind-
ing fimbriae

elfA, elfC, elfD, elfG Flagellar biosynthesis 
protein

fliP Type I fimbriae fimA, fimC, fimD, fimF

Formate efflux trans-
porter

focC Stb stbA, stbB, stbC, stbD

Hemorrhagic E. coli 
pilus (HCP)

hcpA, hcpB, hcpC Std stdA, stdB, stdC

P fimbriae papC Type IV pili pilQ, pilR, pilS, pilW
Virulence factor class (iron uptake)
Achromobactin 

biosynthesis and 
transport

cbrD Periplasmic binding 
protein-dependent 
ABC transport sys

viuC Outer membrane 
siderophore receptor

iroN

TonB-ExbBD energy 
transducing system

tonB Iron/manganese 
transport

sitA, sitB, sitC, sitD Aerobactin sidero-
phore receptor

iutA

Putative regulatory 
protein

yigQ Heme transport/ 
Heme uptake

shuV/ chuA, chuS, 
chuU

aerobactin biosynthe-
sis protein

iucD

Virulence factor class (invasion)
Invasion of brain 

endothelial cells
ibeA, ibeB, and ibeC Flagella (Burkholde-

ria)
cheB, cheR, cheW, 

cheZ
Signal transduction 

histidine-protein 
kinase

barA

Methyl-directed 
repair DNA adenine 
methylase

dam Flagellar basal-body 
rod protein

flgB Surface presentation 
of antigens protein

spaR

Phosphoethanolamine 
transferase

yijP 3-Phosphoshikimate 
1-carboxyvinyl-
transferase

aroA

UTP-glucose-1-phos-
phate transferase

galU Cell invasion protein sipC

Arylsulfatase aslA Salmonella invasin 
chaperone

sicA

Virulence factor class (secretion system)
ACE T6SS aec31and aec32 EPS type II secretion 

system
epsE, epsG TTSS (SPI-1 encode) hilA, invA, orgA, orgB

LEE locus encoded 
TTSS

escV Flagella (cluster I) flgB, flgC, flgD, flgE, 
flgF, flgH

TTSS (SPI-2 encode) ssaC, ssaD, ssaE, 
ssaG,

TTSS-1 translocated 
effectors

avrA, sipA, sipB, sopB

TTSS-2 translocated 
effectors

pipB, sopD2, sseF, sseJ

Virulence factor class (toxin)
Hemolysin/cytoly-

sin A
hlyE/clyA Heat-stable cytotonic/

enterotoxin
Ast, SpvB spvB

Hemolysin HlyA hlyA Typhoid toxin cdtB, pltA
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H-NS), tetracycline (acrA, sdiA, acrAB-TolC, marR, soxR, 
kpnF, kpnE), peptide (vanG), aminocoumarin (mtdA, mtdb, 
mtdC, baeS, cpxA, baeR), rifamycin (acrS, acrA, acrB, 
rsmA, mdtM, marA, soxS), and phenicol (acrA, sdiA, 
acrAB-TolC, marR, soxR, rsmA). 

3.2  Phytochemical Analysis

The phytochemical test of the M. azedarach leaf extract was 
carried out to determine its bioactive compounds. The con-
firmed phytochemicals were flavonoids, phenols, saponins 
and tannins. Several researchers have confirmed that these 
phytochemicals have a reducing, capping and stabilising 
capacity necessary for NP synthesis [21].

3.3  Synthesis of Nanoparticles

In this study, NP was synthesised using  FeCl3.6H2O as the 
iron precursor and extracts of M. azedarach leaves as reduc-
ing and stabilising agents. The formation of NPs was con-
firmed by the appearance of an intense black colour change 
upon the addition of the M. azedarach leaf extracts with 
brownish to light-yellow colour  FeCl3.6H2O solution. Simi-
lar results were reported by Madubuonu et al. [24], where a 
change to black colour was encountered with the addition of 
Psidium guajava extract to the yellow-coloured  FeCl3.6H2O 
precursor salt solution. In a study by Zambri et al. [25], the 
formation of  Fe3O4-NPs was confirmed with the formation 
of a black precipitate on the addition of the neem leaf extract 
to the ferric chloride precursor. Change in colour signifies 
excitation of plasmon vibration from metal nanoparticles 
[26]. Chauhan and Upadhyay [27] reported the formation of 
a black precipitate on the addition of Lawsonia inermis leaf 
extract to  FeCl3.6H2O salt solutions within a few minutes.

3.4  Ultraviolet–Visible (UV) Spectroscopy

The confirmation of NP formation was accomplished by the 
UV–vis spectroscopy method with a wavelength range of 
200–800 nm. UV shows an absorbance peak at 284 nm and 
strong absorption peak at 301 nm for the synthesised NPs 
(Fig. 3). This indicates the stability of the particles in the 
solution and the formation of  Fe3O4-NPs. A similar spec-
trum was also observed in the study conducted by Aisida 
et al. [28], where an absorption peak of 305 nm was reported 
for  Fe3O4-NPs. Neupane et al. [29] reported an absorption 
peak of 310 nm, from  Fe3O4-NPs mediated by plant extracts. 
Moreover, the absorption peak maximum obtained was 
close to the observed UV spectrum range of 307 nm for 
 Fe3O4-NPs reported by Rahman et al. [30].

3.5  Fourier Transform Infrared Spectroscopy (FTIR)

The FTIR analysis for this study was performed in the spec-
tral range of 4000 to 400  cm−1. From the study conducted, 
the IR spectra of the extracts of M. azedarach leaves and 
synthesised  Fe3O4-NPs are shown in Fig. 4. A strong peak 
showing chemical structures for the extract of M. azedarach 
leaves was observed around 3273  cm−1, which falls within 
the range of 3000–3700  cm−1, confirms the presence of 
OH stretch. The confirmation of hydroxyl group indicates 
the present of flavonoids, polyphenols, and alcohol func-
tional group with different hydrogen bonds in extracts of M. 
azedarach leaf. The prominent peak at 1689  cm−1 confirms 
the presence of a stretch of C = O of ketones, aldehydes, 
saturated aliphates and a stretch of α, β unsaturated esters. 
Furthermore, a peak of 565  cm−1 shows the presence of a 
C–Br stretch of alkyl halides. The obtained peaks are similar 
to those reported by Zambri et al. [25] and Aisida et al. [28].

The absorption peaks around 3345 and 2854  cm−1 in the 
IR spectrum of the NPs indicate the C-H stretch of alkane 
and hydroxyl functional group (O–H) of phenol on the 

Fig. 3  Ultraviolet–visible spectrum of the iron oxide nanoparticles 
mediated via the extract of Melia azedarach leaves

Fig. 4  Fourier transform infrared spectrum of iron oxide nanoparti-
cles mediated by Melia azedarach (MA) leaves extract
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surface of the NPs. The prominent peak around 1689  cm−1 
indicates the presence of the C = O stretch of aldehydes, sat-
urated aliphates, ketones, and β unsaturated esters. The peak 
of around 1078  cm−1 lies in the C-O stretching vibrations of 
carboxylic acid, esters, alcohols, and ether domain. The NP 
spectrum shows a peak at 518  cm−1 that corresponds to the 
Fe–O stretching band of the  Fe3O4-NPs. The formation of 
 Fe3O4-NPs mediated by extracts of M. azedarach leaves was 
confirmed with these properties. Zambri et al. [25] reports 
a closely related strong peak in the range of 586  cm−1, indi-
cating the presence of  Fe3O4-NPs for plant extract-medi-
ated nanoparticles. An absorption peak between 400 and 
600  cm−1 was reported by Bharathi et al. [31], which shows 
the Fe–O stretch vibrations of iron oxide nanoparticles. The 
absence of some spectra in the synthesised  Fe3O4-NPs that 
appear in the extract may probably mean that the spectra 
functional groups were used up during the synthesis of the 

iron oxide nanoparticles, where they acted as reducing and 
capping agents.

3.6  X‑ray Diffraction (XRD) Analysis

The biosynthesised  Fe3O4-NPs via Melia azedarach leaf 
extracts were analysed using X-ray diffraction technique. 
This method provide data on purity and crystalline nature 
of the  Fe3O4-NPs. Diffraction peaks of 24.6°, 35.6°, 38.4°, 
48.2°, and 54.5° were obtained for the synthesised NPs 
(Fig. 5). The peak values detected in this study correspond 
to the lattice or crystal plane of (012), (311), (222), (512), 
and (422) that denotes the crystalline phase of  Fe3O4-NPs, 
according to the joint committee on powder diffraction 
studies standard (JCPDS). Related results were obtained by 
Kanagasubbulakshmi and Kadirvelu [32], who bio-synthe-
sised iron oxide NPs via Lagenaria siceraria leaf extract and 
reported diffraction peaks at 28.6° and 32.2° that correspond 
to 220 and 222. Sandhya and Kalaiselvam [33], also reported 
similar diffraction peaks (29° 35.5°, and 36.8°). From the 
figure above, the XRD pattern shows both narrow and broad 
diffraction peaks which indicates that the synthesised. NPs 
are crystalline in nature [32]. However, the narrow peak 
detected signifies that the synthesised NPs was crystalline 
in nature while the broad peak detected indicates that the 
synthesised NPs were small and fine particles [33].

3.7  Scanning Electron Microscopy (SEM) 
with Energy Dispersive X‑ray (EDX)

Scanning electron imaging with EDX analysis was per-
formed to further confirm the morphology and elemen-
tal characteristics of the synthesised NPs. From the SEM 
images in Fig. 6, the  Fe3O4-NPs synthesised through Melia 
azedarach leaves extract show an irregularly shaped struc-
ture. The EDX analysis of the synthesised NP reveals the 
presence of 77.23% iron and 22.77% oxygen as the main 
elemental components (Fig. 7). Other elemental signals 

Fig. 5  X-ray diffraction spectrum of the iron oxide nanoparticles 
mediated via Melia azedarach leaves extract

Fig. 6  Scanning electron 
microscopy image of iron oxide 
nanoparticles mediated by the 
extract of Melia azedarach 
leaves
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observed such as chlorine (Cl) could have originated from 
the precursor  FeCl3.6H2O used in the synthesis process, 
while the carbon (C) could originated from the plant (Melia 
azedarach), as it is part of the elemental constituents of the 
plant.

3.8  Transmission Electron Microscopy (TEM)

The TEM micrographs obtained for the plant-derived iron 
oxide nanoparticles as shown in Fig. 8a were spherical. The 
average particle size distribution for the obtained particles 
was determined using the Image J application, where parti-
cles were measured at random and represented using a his-
togram (Fig. 8b). The average particle size for  Fe3O4-NPs 
synthesised via the extract of M. azedarach leaves was 
49.75 nm. The TEM images obtained also indicate the 
agglomeration of the particles with each other. This can be 
traced to the occurrence of biological components of M. 
azedarach leaf extract around  Fe3O4-NPs that result in par-
ticles joining together.

3.9  Antimicrobial Activity of the NPs

The outcome of the antimicrobial assay of the NPs tested 
against diarrhoeal pathogens using the 96-well broth dif-
fusion method and TTC reagent shows that all the isolates 
tested were susceptible to the synthesised NPs (Fig. 9). The 
colour of the wells that contain bacteria and TTC without 
NPs turns red, while the colour of the wells that contain 
bacteria, TTC, and NPs retains the dark colour of the solu-
tion. The MIC of the NPs against diarrhoeal pathogens in 
this study varied considerably. V. cholerae was found to be 
the most susceptible bacterium to NP, with a MIC of 31 μg/
mL, while both E. coli and S. enterica have a MIC of 62 μg/
mL (Fig. 10). The variation in antimicrobial activities of 
NPs could be explained by several parameters, including 

size, charge, chemical makeup, and the agglomeration state 
of NPs [2].

Vibrio cholerae was found to have the lowest MBC value 
of 250 μg/mL, while E. coli and S. enterica have the greatest 
MBC value of 500 μg/mL (Fig. 11). The percentages of E. 
coli, V. cholerae, and S. enterica cells killed by NPs after 
4 h of contact time were 20, 8, and 8%, respectively. At 8 h, 
the percentages of E. coli, V. cholerae, and S. enterica cells 
killed by NPs were 36, 76, and 36%, respectively. A 100% 
killing of V. cholerae cells was observed at 12 h, compared 
to 68 and 76% killing of S. enterica and E. coli cells by the 
NP, respectively. At the end of 24 h, a 100% killing rate was 
achieved by NPs against E. coli, V. cholerae, and S. enterica 
cells (Fig. 12). Several researchers have reported similar 
antibacterial activities for  Fe3O4-NPs [28, 34]. Chauhan 
and Upadhyay [27] reported the antibacterial activities of 
iron oxide NPs synthesised from Lawsonia inermis (Henna) 
against Staphylococcus aureus and Staphylococcus typhimu-
rium. Iron oxide NPs synthesised from Ulva lactuca had 
bactericidal activity against enteric pathogens [34].

The research is still going on to elucidate the actual mode 
of antimicrobial action by nanoparticles, but studies have 
suggested that iron oxide nanoparticles exert an antibacte-
rial effect on microorganisms through membrane leakage of 
intracellular content, DNA damage, and protein damage [2, 
35]. Therefore, the antibacterial mode of action of the syn-
thesised  Fe3O4-NPs could be linked to membrane disruption, 
DNA damage, and protein damage.

3.10  Cytotoxicity Assay of the Plant‑Derived 
Nanoparticles

In this study, trypan blue assay was employed to evalu-
ate the viability of the HEK293 cells after being treated 
with the plant derived NPs at different concentrations. 
After 24 h of incubation, the treated cell lines were still 

Fig. 7  Energy dispersive X-ray spectrum of iron oxide nanoparticles mediated by extract of Melia azedarach leaves



 BioNanoScience

Fig. 8  aTransmission electron 
microscopy image of the iron 
oxide nanoparticles mediated 
by Melia azedarach leaf extract. 
b A histogram illustrating the 
corresponding particle sizes 
of the iron oxide nanoparticles 
mediated via Melia azedarach 
leaf extract
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Fig. 9  Antibacterial activity 
of the nanoparticles against 
Escherichia coli, Vibrio chol-
erae, and Salmonella enterica 
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viable, with variations in their numbers based on NPs 
concentration (Fig. 13). In reference to the viable cell 
count of the control, the cell lines treated with NPs at 
low concentrations (8, 16, and 32 µg/mL) show 100% 
viability after 24 h of incubation. The decrease in cell 

viability at the concentration of 62 µg/mL of the NPs 
was less than 10%. At 125 µg/mL of NPs, there was 46% 
decrease in cell viability. It might be concluded that the 
cytotoxicity of the NPs in this study against HEK293 cell 
lines was concentration dependent. Several studies have 

Fig. 10  Minimum inhibitory 
concentration of the nanopar-
ticles against Escherichia coli, 
Vibrio cholerae, and Salmonella 
enterica 

Fig. 11  Minimum bactericidal 
concentration of nanoparticles 
against Escherichia coli, Vibrio 
cholerae, and Salmonella 
enterica 
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reported that  Fe3O4-NPs synthesised from plant extract at 
concentrations less than 100 µg/mL did not exhibit cyto-
toxicity to tested cells and did not induce any changes in 
cellular morphology [36, 37]. Pillai et al. [37] evaluated 
the toxicity of biosynthesised  Fe3O4-NPs and proposed 
that  Fe3O4-NPs did not present a significant impact on 
cell viability at low concentrations. Furthermore, Temelie 
et al. [36] reported that green synthesised  Fe3O4-NPs at 
low concentrations were not toxic to normal cells. The 
cytotoxicity data of the NPs against the HEK293 cell lines 
has been presented in Fig. 13.

4  Conclusion

This study reports the synthesis of NPs mediated by the 
extract of M. azedarach and their antibacterial properties. 
The synthesised NPs were rapid and not expensive. The M. 
azedarach extract contained phytochemicals that include 
flavonoids and phenols that serve as reducing, capping, and 
stabilising agents. Furthermore, the synthesised NPs showed 
potent antibacterial activities against multidrug-resistant E. 
coli, V. cholerae, and S. enterica tested. Additionally, the 
synthesised NPs showed a short killing rate against E. coli, 
V. cholerae, and S. enterica tested. Interestingly, the concen-
trations of the NPs required to inhibit the growth of E. coli, 
V. cholerae, and S. enterica were not toxic to HEK293 cells. 
These NPs may be useful in therapeutic applications aimed 
at combating pathogens.
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